Abstract. The colloid flotation of lead carbonate in aqueous media is studied at pH 7. The flotation system consisted of five spargered flotation cells in a serial array. The flotation cells were operated under controlled conditions of superficial gas and liquid velocity, frother, and collector concentration. The measured variables were gas holdup, bubble size, superficial bubble surface flux, and lead recovery in the concentrate. The experimental data show that it is possible to separate up to 93% (w/w) of lead from the aqueous media when the superficial gas velocity is 0.8 cm/s and the superficial liquid velocity is 0.19 cm/s.
Introduction
The presence of heavy metals in waters at different locations in Mexico is often the result of poor control in the disposal of industrial waste materials [1] . This leads to serious environmental damage and the occurrence of human health problems; this issue requires proposals for engineering applications to remove those heavy metals from water.
Ion flotation is a technique for collecting a material being in solution, and may be as colloidal, in an aqueous phase. By modifying the chemical conditions and by adding a suitable collector appropriately charged. The dissolved or colloidal substance is converted into a product that has hydrophobic sites and it can be attached to a bubble. The swarm of bubbles produce a froth which concentrates the original substance that can be selectively collected [2] .
Some studies about the complex formation between Pb 2+ ions and diphenylcarbazone (HDPC) followed by flotation with oleic acid (HOL) surfactant [3] shown that the organic compound with large carbons chain is worth for recovery of precipitated metals. In other work lead was precipitated from aqueous nitrate and chloride solutions with sodium di-(n-octyl) phosphinate (NaL) in the form of PbL 2(s) achieving that the residual lead in solution were reduced by increasing the length of the alkyl group of the phosphinate to dodecyl [4] . Those investigations propose some organic compound for precipitation of metal, but they do not propose a method to separate this compound from solutions, this paper proposes a technique to recovery colloidal lead carbonate by colloidal flotation.
Most of the work on ion and colloid flotation has been done using flotation columns, perhaps influenced by the great performance of columns in mineral applications. Nevertheless, it has to be clear that flotation of particles requires bubbles with certain size that the density of the bubble particle aggregate be lower than the density of the pulp, the mixing of the system has to be controlled to avoid the particle detachment from the bubble surface [5] . In the case of ion flotation, the material to be separated from the liquid has a similar density than the liquid and the flow of phases around the moving bubbles is such that the material can be easily dragged. Therefore, it can be expected that contact between bubbles and material to be separated by flotation is enhanced if bubble size decreases. Furthermore, the production of small bubbles provides of large surface area for a given gas flow rate, which in turn will improve the separation process [5] . However, the rising bubbles in a column produce an axial mixing which leads to the presence of turbulence that reduces the probability of collision among phases during flotation. In this work, the use of flotation cells with porous spargers to produce a dispersed gas phase is analysed in terms of separating colloidal lead carbonate from tap water.
Results and discussion

Effect of gas holdup on lead recovery
The gas holdup was estimated by measuring the electrical conductivity of the continuous and disperses phases and applying Maxwell's model [6, 7] . These measurements were validated against independent pressure measurements. Maxwell model relates the volumetric fraction of a non conducting phase in this case gas bubbles dispersed in a conducting continuum 
, where ε g, k d and k l are the gas holdup, the conductivity of the bulk and the conductivity of the liquid respectively [7] .
The experimental data are presented in Figure 1 , where the recovery of lead reported in the concentrate is plotted as a function of the average gas holdup in the collection zone of the flotation cell. It can be seen that the recovery of lead from the aqueous media increases with the gas holdup, due to an increase of the gas liquid interface available for the collection process. From Figure 1 , there is a steady increase in the recovery of lead from the aqueous media as the gas holdup increases from 6.5% to 7.9% (v/v), but above a gas holdup to 7.9 %, the lead recovery decreases due to an increase in the turbulence and mixing in the collection zone of the flotation cell.
Effect bubble size on lead recovery
Bubble size was estimated by applying the drift flux analysis to the experimental system [8] . Predictions of bubble size by drift flux analysis in two phase systems have proven to be very accurate as compared with direct measurements by image analysis [9] . The experimental data of lead recovery and bubble size estimates are presented in Figure 2 . The increase in bubble size from 0.09 cm to 0.117 cm produces a clear effect in the collection process, decreasing the recovery of lead in the concentrate. From figure 2 the optimum bubble size for the highest lead recovery is 0.098 cm. larger gas flow rates increase the amount of bubbles resulting in significant bubble coalescence because of the collision among them. On the other hand, the residence time of smaller bubbles increases with the mixing and this fact reduces the lead recovery; therefore, there is a clear effect of the hydrodynamics of the system on the collision process of the hydrophobic lead carbonate surfaces with bubbles. Rising velocity of bubbles increases with their size and it could cause that the colloidal lead carbonate be swept away from the bubble and the efficiency of the collection phenomenon decreases.
Relationship between the bubble surface area flux and the lead carbonate flotation
The bubble surface area flux, S b , has been presented as an operating variable which is related to the chemical, the hydrodynamics and the geometry characteristics of the flotation device, and it has been presented to be well tied to the kinetics of the flotation process [10] . Therefore, this variable could be worthy used as a control parameter because it holds all the properties of the flotation system. S b is defined as the amount of surface area of bubbles that crosses a unit cross section area of the cell per unit period of time; therefore, S b has units of time −1 . S b can be readily estimated if flotation parameters such as bubble size D b , and superficial gas velocity J g are known (S b = 6 J g /D b , s −1 ); [11] . Figure 3 presents the experimental data in terms of lead recovery as a function of the estimated bubble surface area flux. It can be seen that lead recovery increases with the bubbles surface area available to carry out the collection process; however, there is a maximum value of recovery for a maximum value of S b due to the coalescence of bubbles. Above this maximum of S b , the lead recovery decreases due to the increase in the degree of mixing and circulation in the flotation system. This behavior is caused by large bubbles associated to high Jg values. This information indicates that the colloid flotation is very sensitive to the bubble size and, therefore, to the superficial phase velocity (gas, and liquid). Under the present operating conditions, the flotation rate constant was estimated using the perfect mixing model given by (κ = R/{τ(1−R)}); [12] . Where τ is the apparent residence time in the collection zone and R is the fractional recovery of lead reported to the concentrate. The estimated flotation rate constant and the gas holdup are plotted in Figure 4 . It can be observed that the flotation rate constant follows a linear relationship with the gas holdup for values up to 7.9 % v/v, above this value; the linear relationship between them disappears. The behaviour of the flotation rate constant as a function of the gas holdup (Figure 4) is consistent with the relationship among the lead recovery and the gas holdup. This information suggests that kinetics is strongly dependent of the hydrodynamics characteristics of this flotation system being the surface physicochemical properties overwhelmed by the former (hydrodynamics characteristics). Figure 5 presents the flotation rate constant as a function of the bubble diameter. The information shows that in the range of bubble size between 0.097 cm and 0.1 cm there is a correlation between the kinetics and bubble size; in this range of bubble size, as expected, the kinetics of the flotation process are favoured by the decrease in bubble size. The bubble surface area flux decreases with bubbles size larger. This behaviour suggests that smaller bubbles increase the mixing and circulation, as a result of the larger gas holdup, and bubbles coalescence will be promoted producing a slight decrease in the S b value. This picture is reflected in the relationship between the kinetics of the flotation process and S b .
Overall lead recovery through the series of spargered flotation cells
As mentioned above, the flotation system consisted of a series of five spargered flotation cells, where the tailings from one flotation cell is the feed to the next one and so on. In the operation of the flotation system, the superficial gas velocity was kept at 0.8 cm/s; the superficial liquid velocity at 0.19 cm/s; the aqueous phase contained 30 mgL -1 of frother (Dowfroth 250). The former values were selected from groups of flotation tests as the best operating conditions to produce the highest recovery values of lead reported in the concentrate. Figure 6 represents the values of the cumulative recovery of lead as a function of the number of flotation cells, for the five flotation cells. It can be seen that the cumulative recovery of lead through the "bank" of flotation cells is of around 93% w/w. The time for processing the water through the bank of flotation cells is 13 min. This processing time seems to be very short, as compared to those periods of time in laboratory flotation columns (thirty to hundreds of minutes) [5] . It seems that the spargered flotation cell, produces bubbles of suitable sizes for the flotation of colloids, and reduces the axial and radial mixing that in a natural way is present in flotation columns [13] . Similar results were obtained on the sorption of Pb 2+ ions from aqueous solutions onto limestone fines (LS),, where nearly 99% of Pb 2+ ions were removed from aqueous solutions at pH 7 after shaking for 5 min and at room temperature (~25 °C ) [14] . 
Conclusions
It was found that lead carbonate exhibits negative ζ potential values in aqueous media when pH values are higher than 3.0 isoelectric point; therefore, in order to transform to hydrophobic the lead carbonate surface, a cationic collector should be added under pH values between 7 and 7.4. Dodecylamine is used as cationic collector in this work. From experimental measurements spargered flotation cells are suitable to process water contaminated with colloid lead. Lead carbonate recoveries higher than 90% where achieve through froth flotation in a set of five spargered flotation cells. It can be expected that the separation of lead from the aqueous media should increase above 93% by increasing the number of flotation cells in the array. The required time to separate the lead carbonate is estimated in 13 min.
This flotation process has shown to be strongly dependent on the hydrodynamics of the system, becoming the physicochemical surface properties overwhelmed by the former. Performance it was observed that the separation of lead from the aqueous phase is enhanced to some degree by increasing the gas holdup, the bubble surface area flux and decreasing bubble size. This flotation process appears to have a potential possibility for its application in treating polluted water for the removal of heavy metals as it shows lower mixing effects and shorter residence time compared to other flotation processes.
Experimental, materials and methods
Apparatus
The flotation experiments were carried out using a series of up to 5 flotation cells. Figure 7 represents schematically the experimental apparatus. The flotation cells were made of acrylic (19 cm wide, 19 cm long and 33 cm high); each cell was provided with a feed point located in one wall and the flotation tailings point located in the opposite wall. At the top of each cell, a launder to collect the flotation froth was installed. The cells were operated under continuous regime; the flotation tailings from the first flotation cell were taken as the feed for the second flotation cell, and so on. The feed and tailings flow rates in each cell were controlled by using calibrated with respect to volumetric flow rates peristaltic pumps. These pumps were used to estimate and define the liquid flow rate in the collection zone of the flotation cell during the experiment. The flow rates were expressed as superficial liquid velocities Jl = Ql/Ac; Jl is the superficial liquid velocity, cm/s; Ql is the volumetric flow rate, cm 3 /s; and Ac, is the cross section area of the flotation cell, cm 2 .
Gas was fed in each flotation cell via cylindrical porous spargers located horizontally at the bottom of each cell. The gas flow rate was measured and controlled in each flotation cell by means of gas mass flow controllers. Again, the gas flow rate was expressed as superficial gas velocity. Gas holdup was measured in two ways: an average gas holdup measurement was done by knowing the value of hydrostatic pressure at two points located at different heights on a wall of the flotation cell; the location of the points for the pressure measurement was such that they were below the froth zone of the flotation cell [15, 16] . Also, gas holdup was measured locally in different positions in the collection zone of the flotation cell using conductivity proves applying the phase separation method [16] .
Materials and their characterization
The experimental aqueous media was prepared by dissolving lead nitrate in tap water in proportions to give a lead concentration 20 mgL −1 , once the lead nitrate was dissolved in the tap water, the aqueous media became cloudy. A sample of the cloudy water was taken to a centrifuge to separate the solids. The sediments from the centrifuge were analysed by X ray diffraction, and the results from this analysis showed that the sediments were lead carbonate. The separated lead carbonate was taken to a zeta (ζ) potential meter to determine its electrokinetics behaviour as pH was varied from 1.4 to 12. Figure  8 represents the results of the ζ potential measurements. The lead carbonate ζ potential measurements show that the isoelectric point (IEP) occurs at pH = 3.05.
The pH of the liquid media was fixed at 7 and 7.4. Under such pH conditions, the ζ potential lead carbonate shows a negative charge, as shown in Figure 8 . Therefore, the flotation reagent should be a cationic collector (dodecylamine C 12 H 27 N), to create hydrophobic sites. Dodecylamine was added in molar proportion of 1:1 with respect to the lead 
Experimental procedure
The experimental system consisted of five flotation cells, in a series array, operated under the same specified feed flow rates and gas flow rates for all experiments. When the experimental system attained conditions of steady state operation, which was defined by a stable position of the froth depth in each flotation cell, being almost the same froth depth in all flotation cell, the collection zone apparent residence time was estimated in each flotation cell the apparent residence time is a function of the height of the collection zone, h zc , the superficial liquid velocity, J l and the gas holdup, ε g , i.e., τ = (h zc /J l ) × (1−ε g ), (min).
Once the apparent residence time in the collection zone of the flotation cells was estimated, the longest of them was chosen as a reference, and the data for every experimental point taken after three times. The operating variables such as gas holdup, superficial gas velocity, and superficial liquid velocity were recorded and samples of concentrate, tailings, and feed were taken in this order for all flotation cells starting with the fifth one.
The experimental samples were taken, recording the sampling time and sample weight, to an absorption atomic spectrophotometer analysed in their lead content. With the assays information a mass balance was performed for all experiment to determine the lead mass recovery. 
